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The MicroBooNE Experiment

MicroBooNE 
Detector

Booster Neutrino Beam Line

Neutrino 
Source

Goals of MicroBooNE:  

‣ low-energy excess observed by MiniBooNE 

‣ SBN search for sterile neutrinos with 5σ sensitivity 

‣ ν-Ar cross section measurements 

‣ R&D for future LArTPC experiments
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The MicroBooNE Detector
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A liquid argon time projection chamber

32 8” 

Cryogenic 

PMTs

8192 wires (3 mm pitch)
PMT time resolution: O(10 ns)  

TPC spatial resolution: 3 mm
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MicroBooNE Timeline

18

MicroBooNE	Timeline
December,	2013	

TPC	inserted	into	Cryostat
June,	2014	

Moved	to	LArTF
July,	2015	

Fill	with	170	ton	LAr

August,	2015	
First	Cosmic	tracks	with	HV

October,	2015	
First	Neutrino	Beam

November,	2015	
First	Public	Result
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MicroBooNE	Timeline
December,	2013	

TPC	inserted	into	Cryostat
June,	2014	

Moved	to	LArTF
July,	2015	

Fill	with	170	ton	LAr

August,	2015	
First	Cosmic	tracks	with	HV

October,	2015	
First	Neutrino	Beam

November,	2015	
First	Public	Result

TPC in Cryostat Moved to LArTF Filled with LAr First Cosmic Track

First Neutrino Beam

Design and Construction of the MicroBooNE Detector 
(JINST 12, P02017)
Convolutional Neural Networks Applied to Neutrino Events in a Liquid Argon 
Time Projection Chamber (JINST 12, P03011)

Determination of Muon Momentum in the MicroBooNE LAr TPC Using an Improved 
Model of Multiple Coulomb Scattering (JINST 12 P10010)

Michel Electron Reconstruction Using Cosmic Ray Data from the 
MicroBooNE LAr TPC (JINST 12, P09014)
Noise Characterization and Filtering in the MicroBooNE 
Liquid Argon TPC (JINST 12, P08003)

Measurement of Cosmic Ray Reconstruction Efficiencies in the MicroBooNE LAr 
TPC Using a Small External Cosmic Ray Counter (JINST 12, P12030 )

The Pandora Multi-Algorithm Approach to Automated Pattern Recognition of Cosmic Ray 
Muon and Neutrino Events in the MicroBooNE Detector (Eur. Phys. J. C.)2018

October 2015

December 2013 June 2014 July 2015 August 2015

First Neutrino Interactions Observed with the MicroBooNE LAr TPC (public note n1002)2015

2017

See http://microboone.fnal.gov

http://microboone.fnal.gov
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The MicroBooNE Experiment
One of MicroBooNE goal is ν-Ar cross section measurements. This is 

important for the neutrino oscillation program: 

‣ Precision measurements of neutrino oscillation parameters. 

‣ DUNE far detector is LArTPC. MicroBooNE can give direct cross section 

constraint (particularly in low energy region) for DUNE oscillation precision 

measurement.  

Cross section measurements will help to: 

• νμ measurement will allow to constrain νe 

• CCπ0 will allow to study shower reconstruction for νe search 

• proton studies will allow to constrain nuclear effects 

• νe events in NuM will allow to constrain systematics in BNB

See Andy Furmanski’s talk from yesterday
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and pion production processes, two areas we discuss next.
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Figure 49.1: Measurements of νµ and νµ CC inclusive scattering cross sections
(per nucleon) divided by neutrino energy as a function of neutrino energy. Note the
transition between logarithmic and linear scales occurring at 100 GeV. Neutrino
cross sections are typically twice as large as their corresponding antineutrino
counterparts, although this difference can be larger at lower energies. NC cross
sections (not shown) are generally smaller but non-negligible compared to the CC
scattering case.

49.2. Quasi-elastic scattering

Quasi-elastic (QE) scattering is the dominant neutrino interaction for neutrino energies
less than ∼ 1 GeV and represents a large fraction of the signal samples in many neutrino
oscillation experiments. Historically, neutrino (antineutrino) quasi-elastic scattering refers
to the process, νµ n → µ− p (νµ p → µ+ n), where a charged lepton and single nucleon
are ejected in the elastic interaction of a neutrino (or antineutrino) with a nucleon in
the target material. This is the final state one would strictly observe, for example, in
scattering off of a free nucleon target. Fig. 49.2 displays the current status of existing
measurements of νµ and νµ QE scattering cross sections as a function of neutrino
energy. In this plot, and all others in this review, the prediction from a representative
neutrino event generator (NUANCE) [46] provides a theoretical comparator. Other
generators and more sophisticated calculations exist which can yield significantly different
predictions [47]. Note that modern experiments have recently opted to report QE
cross sections as a function of final state muon or proton kinematics [17,18,48]. Such
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The MicroBooNE Experiment

MiniBooNE MINERvA T2K

MicroBooNE
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‣ Simulation scaled to same number of 

events as data 

‣ Cosmic background subtracted 

‣ 3 months of data taking

Current Status

MICROBOONE-NOTE-1010-PUB
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Figure 14: A bin-by-bin fitted, area normalized, CR background-subtracted, observed neutrino multiplicity
distributions for MicroBooNE data overlaid with three GENIE predictions in linear scale. Data error bars
include statistical errors obtained from the fit. Monte Carlo error bands include MC statistical errors from
the fit and systematic error contributions added in quadrature.

observed multiplicity
1 2 3 4 5 6

ev
en

t f
ra

ct
io

n

3−10

2−10

1−10

1 MicroBooNE Data (stat only)
MC Default (stat+syst. errors)
MC with MEC
MC with TEM

MicroBooNE Preliminary

>82 MeVp>37 MeV,KEπ,µKE

(Includes muons)

area normalized

Observed Charged Particle Tracks in Neutrino Interactions

Figure 15: A bin-by-bin fitted, area normalized, CR background-subtracted, observed neutrino multiplicity
distributions for MicroBooNE data overlaid with three GENIE predictions in log y scale. Data error bars
include statistical errors obtained from the fit. Monte Carlo error bands include MC statistical errors from
the fit and systematic error contributions added in quadrature.

23

MICROBOONE-NOTE-1024-PUB

‣ Observed multiplicity after event selection 

‣ No efficiency correction 

‣ Muon is included in the multiplicity count 

‣ First time such a distribution has been 

measured in argon

νμ CC Inclusive Distributions νμ CC inclusive Track Multiplicity
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Outline of Future Measurements

1
νμ CC inclusive 
differential cross section 
measurement

• Least model dependent  
• Interesting physics measurement on argon, provides input 

for theory 
• Easy to compare with other experiment (clear signature) 
• Provides sample for more exclusive channels

2
νμ CCπ0 total cross 
section

• For testing shower reconstruction performances and energy 
resolution 

• Good for characterising background for electron neutrino 
search 

• Provides a measurement of π0 absorption which is much 
larger in argon that in carbon or water

3
νμ CCNp (N>0) cross 
section

• it will tell us about nuclear physics (initial and final state) 
• good to understand hadroning interactions (to measure nu 

energy for oscillations)

4
νμ CC charged particle 
multiplicity

• good to test several nuclear models 
• good to understand final state interactions: allows to test 

multiple things at once 

See Andy Furmanski’s talk from yesterday
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(1) νμ CC Inclusive
A future measurement from MicroBooNE will be the νμ CC inclusive differential 

cross section in muon momentum and angle w.r.t. to the neutrino beam

Several improvements w.r.t. previously shown distributions: 
‣ improved use of the PMT system (flash to track matching) 

‣ improved cosmic rejection (done by using light information, tracks that pierce the 

anode or the cathode, muons that stop in the TPC) 

‣ use of the deposited charge profile on the wire for particle identification

Old efficiency plot (NEUTRINO2016) 

Low efficiency and not flat (hard 

cosmic rejection) 

Event selection now improved, new 

efficiency will be ~50%

Ef
fic

ie
nc

y

Outdated plot

(angle around beam)
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(1) νμ CC Inclusive
ArgoNeuT Results Phys. Rev. Lett. 108, 161802 (2012)

consideration of sparsely populated bins and by avoiding
regions of low acceptance. The flux is reported in Table I.
For the 3–50 GeV NuMI neutrino energy range, the flux
prediction comes directly from Ref. [1]. For the
0–3 GeV range, the flux prediction is determined by using
a Monte Carlo simulation of the NuMI beam line and is
independent of MINOS neutrino data and cross section
assumptions. The MINOS measured flux (3–50 GeV)
and flux prediction (0–3 GeV) are consistent near the
transition.

After subtracting the expected 18-event background
contribution, the selected !" and P" distributions are

efficiency corrected on a bin-by-bin basis according to
Eq. (1). A #" CC event that originates in the ArgoNeuT

fiducial volume enters the signal sample after ArgoNeuT-
MINOS reconstruction, track matching, and selection
57.6% of the time in the !" measurement range and

49.5% in the P" range. These values receive contributions

from muon acceptance between ArgoNeuT and MINOS,
vertex reconstruction inefficiencies in ArgoNeuT, track
reconstruction inefficiencies in both detectors, and selec-
tion efficiency. Inefficiencies due to acceptance arise from
low-energy or large-angle muons that do not enter the
active region of MINOS. A bin migration unfolding pro-
cedure is not applied to the reconstructed variables, as no
significant detector or reconstruction bias is present and
the measurement resolution is finer than the bin width for
all bins reported; the muon angular resolution over the
majority of the measurement range is 1!–1.5!, and the
momentum resolution is 5%–10% [16].

The flux-integrated differential cross sections in !" and

P" from #" CC events on an argon target are shown in

Figs. 2 and 3, respectively, and are tabulated in Tables II
and III. The data and GENIE expectation agree well across
most of the measurement ranges. More data are needed to
confirm the apparent discrepancies at low angles and
momenta.
The differential cross section measurement uncertainties

are dominated by statistics. The systematic error contribu-
tions are led by the 15.7% uncertainty on the energy-
integrated flux. Uncertainties associated with measurement
resolution are evaluated by recalculating the differential
cross sections after adjusting the measured !" and P" by
"1$, where $ is the reconstructed variable’s resolution.
The uncertainty is conservatively set equal to the largest
deviation from the central value, due to either the plus or
minus 1$ adjustment and the resulting bin weight redis-
tribution. Other possible sources of systematic uncertainty
have been found to be negligible.
Differential cross sections on an isoscalar target are

useful for a simple comparison of these results to other

TABLE I. The neutrino flux corresponding to the differential
cross section measurements.

E# bin (GeV) Flux (#=GeV=m2=109 POT) Error

0–1 8:3# 103

1–2 4:3# 104 a

2–3 7:5# 104

3–4 8:05# 104 5:2# 103

4–5 3:06# 104 2:4# 103

5–7 9:07# 103 5:3# 102

7–9 5:18# 103 3:5# 102

9–12 3:21# 103 2:2# 102

12–15 1:94# 103 1:0# 102

15–18 1:09# 103 65
18–22 629 37
22–26 348 20
26–30 200 13
30–36 119 6.8
36–42 72.2 3.9
42–50 51.6 2.8

aThe fractional error on the 0–3 GeV range is conservatively set
to 35%.
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differential cross section (per argon nucleus) in muon angle.
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ArgoNeuT ArgoNeuT

ArgoNeuT has measured the inclusive muon neutrino charged current 

differential cross sections for the first time on argon

• different energy range 

• higher statistics 

• first to be performed in a fully automated way in LAr

Future MicroBooNE 

measurement:
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(1) νμ CC Inclusive
Cosmics are the major background
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Figure 5: Illustration of the simulated e↵ects of space charge on the distortions in re-
constructed ionization electron cluster position in the MicroBooNE TPC, as
described in Sec. 3. Results are shown for the e↵ect in x (top row), y (middle
row), and z (bottom row). The distortions in reconstructed ionization electron
cluster position are shown in units of cm and are plotted as a function of the
true position in the TPC. Simulation results are shown both for a central slice
in z (left column) and for a slice in z closer to the end of the TPC, z = 10 cm
(right column).

8

Space charge effect distorts the reconstructed positions, making it 

more difficult to tag cosmics simply based on their geometry
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 y
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m
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Figure 1: Start/end points of reconstructed cosmic muon tracks tagged by an external
muon counter in the x–y plane for o↵-beam (cosmic) events. In absence of
detector e↵ects, the points should be distributed along the borders (dashed
lines). Note that the anode is located at x = 0 cm while the cathode is at
x = 256 cm.

3

Start/end points of reconstructed cosmic muon 
tracks tagged by an external muon counter 

Effect of space charge on the 
distortions in reconstructed position 

MICROBOONE-NOTE-1018-PUB
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(1) νμ CC Inclusive
Cosmics are the major background Instruments 2017, 1(1), 2

We have installed a cosmic ray tagger (CRT) that will 
help to reject cosmics in future measurements 
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(1) νμ CC Inclusive
Cosmics are the major background Instruments 2017, 1(1), 2

Scintillator strips

We have installed a cosmic ray tagger (CRT) that will 
help to reject cosmics in future measurements 

• Scintillator-based tracking detector 
• Spatial resolution:1.8 cm 
• Timing resolution:1 ns 
• Tagging efficiency measured to be 

greater than 95%
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Multiple Coulomb Scattering
For track direction and particle momentum JINST 12 P10010 (2017)

comparable to the detector resolution. The fully contained muons addressed in this analysis have
momenta below 1.5 GeV/c, making the impact of this detector resolution minimal for that sample.

With the Highland formula, the momentum of a track-like particle can be determined using
only the 3D reconstructed track information, without any calorimetric or track range information.
In neutrino physics experiments, emulsion detectors like those employed by the DONUT [11] and
OPERA [12] collaborations have used MCS to determine particle momenta. Additionally, the
MACRO [13] collaboration at Gran Sasso Laboratory utilized this technique. For LArTPCs, the
ICARUS collaboration has described the MCS-based determination of particle momentum using
a variety of methods [14, 15]. The likelihood-based method discussed in this paper for use in the
MicrobooNE detector and described in detail in section 3, has improved on the ICARUS method
by tuning the underlying phenomenological formula.

Figure 2. The particle’s trajectory is deflected as it traverses the material. The angular scatter in the labeled
x

0 direction is shown as ✓
x

.

2.1 Tuning the Highland formula for argon

The Highland formula as written in equation 2.1 originates from a 1991 publication by G. R. Lynch
and O. I. Dahl [8]. The parameters in the equation (S2 and ✏) were determined using a global fit
to MCS simulated data using a modified GEANT simulation package of 14 di�erent elements and
7 thickness ranges. All of the simulated particles were relativistic, with � = 1. The materials
studied ranged from hydrogen (with Z=1) to uranium (with Z=92). Given that the parameters in
the formula were determined from a single fit to a wide range of Z with a wide range of material
thicknesses, there is reason to believe that these parameters could di�er for scattering specifically in
liquid argon with l ⇡ X0. There is also reason to believe that these parameters might be momentum-
dependent for particles with � < 1, which is the case for some of the contained muons in this analysis.

In order to re-tune these parameters for liquid argon, a large sample of muons are simulated

– 4 –

Figure 6. Segment-to-segment measured angular scatters in both the x

0 and y0 directions divided by the width
�RMS
o

predicted by the Highland formula (equation 2.1) for the automatically selected beam neutrino-induced
fully contained muon sample in MicroBooNE data after hand scanning to remove poorly reconstructed tracks
and obvious mis-identification topologies.

Figure 7. MCS-computed momentum versus range momentum for the automatically selected beam neutrino-
induced fully contained muon sample in MicroBooNE data after hand scanning to remove poorly reconstructed
tracks and obvious mis-identification topologies. The color (z) scale indicates number of tracks.

Figure 8 indicates a bias in the MCS momentum calculation on the order of a few percent,
with a resolution that improves from about 10% for contained reconstructed tracks in data and

– 12 –

Charged particle’s momentum can be measured via 

multiple Coulomb scattering (MCS) 

This method: 

‣ does not require the full particle ionisation track to 

be contained inside of the detector volume (as 

required by range-based and calorimetric 

momentum reconstruction)  

‣ can be applied to contained and exiting tracks

Figure 1. A diagram of the time projection chamber of the MicroBooNE detector [5]. PMTs (not shown)
are located behind the wire planes.

scatters of a particle in either the x

0 direction or y0 direction (as indicated in the aforementioned
figure) are modeled with a Gaussian distribution centered at zero with an RMS width, �HL

o

, given
by the Highland formula [7, 8]

�HL
o

=
S2

p�c
z

s
`

X0


1 + ✏ ⇥ ln

✓
`

X0

◆�
, (2.1)

where � is the ratio of the particle’s velocity to the speed of light (assuming the particle is a muon),
` is the distance traveled inside the material, z is the magnitude of the charge of the particle (unity,
for the case of muons), and X0 is the radiation length of the target material (taken to be a constant
14 cm in liquid argon). S2 and ✏ are parameters determined to be 13.6 MeV and 0.038, respectively.
So called “mixture models” [9, 10] which model both the core and tails of scattering distributions
are not used in this study, though their inclusion may potentially improve algorithm performance.
In this study, a modified version of the Highland formula is used that includes a detector-inherent
angular resolution term, �res

o

�
o

=

q
(�HL

o

)2 + (�res
o

)2. (2.2)

For this analysis, the �res
o

term is given a fixed value of 3 mrad which has been determined to be
an acceptable value based on MicroBooNE simulation studies of muons at higher momenta. At
4.5 GeV/c muon momentum and l ⇡ X0, equation 2.1 predicts an RMS angular scatter of 3 mrad,

– 3 –

Figure 13. MCS-computed momentum versus true momentum for the sample of fully-simulated exiting
muons from BNB ⌫µCC interactions in MicroBooNE with at least one meter of track contained within the
TPC. The color (z) scale indicates number of tracks.

proximate the bias and resolution for the fully-simulated sample. The absence of the low momentum
tails at high momentum in the MCTracks distributions shown in figure 11 as compared to the fully-
simulated distributions in figure 14 demonstrates that these tails are coming from mis-reconstructed
tracks in the fully-simulated sample.

7 Conclusions

We have described a multiple Coulomb scattering maximum likelihood method for estimating the
momentum of a three dimensional reconstructed track in a LArTPC and have provided motivation
for development of such a technique. Using simulation, we have shown that the standard Highland
formula should be re-tuned specifically for scattering in liquid argon. From simulation studies, this
tuning improves the fractional bias to below 2% and reduces the MCS momentum resolution by 30
to 40% of the untuned value. After validating range-based momentum-determination techniques
with MicroBooNE simulation, we have demonstrated the accuracy and precision of the MCS-based
momentum reconstruction in MicroBooNE data by comparing its performance to the range-based
method. For 398 fully-contained ⌫µCC-induced muons from MicroBooNE BNB data, the MCS
method exhibits a fractional bias below 3% and a momentum resolution below 10%, agreeing with
simulation predictions.

Two separate samples of simulated uncontained muon tracks in MicroBooNE with at least one
meter contained in the active volume have been used to estimate the accuracy of the MCS-based
momentum reconstruction for exiting tracks. For the first truth-based sample of exiting tracks (the

– 19 –



Marco Del Tutto 
13th March 2018

16

(2) νμ CCπ0

Importance of a π0 sample 

‣ gives us a data sample to test shower 
reconstruction performances and study 
energy resolution 

‣ π0 energy reconstruction is excellent 
validation of detector calibration 

‣ characterise background for electron 
neutrino search (NCπ0 expected to be a 
background for oscillation searches) 

‣ provides a measurement of π0 
absorption which is much larger in 
argon that in carbon or water

Very challenging analysis - electromagnetic shower reconstruction is hard due to 
the difficulty of automatic clustering and pattern recognition.

MicroBooNE Public Note 1006

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1006-PUB.pdf


Marco Del Tutto 
13th March 2018

17

(2) νμ CCπ0

MicroBooNE has an event 

selection to identify π0 events 

with two sub-samples: 

one based on a single shower 

tagged, and one based on 

both showers tagged coming 

from the π0 decay.

CC]y cross-section	measurement

Impact	on	oscillation	physics:
• Easiest	channel	to	provide	large	pi0	sample	(tagging	muon	and	look	for	two	showers)
• Utilize	the	pi0	for	shower	automated	reconstruction	development.
• One	of	the	background	process	to	!# appearance	signals.
• Can	be	used	to	estimate	the	∆→ zx	background

Analysis	steps:
1.	Cosmic	removal
2.	Events	passed	the	CC	inclusive	filter	(MicroBooNE
public	note	)
3.	Track-like	Hit	removal	
3.	Two	showers	are	reconstructed	and	associated	
with	the	CC	vertex.
4.	The	first	CC	89 cross-section	result	is	on	the	way,	
stay	tuned!

x

x

CC\y	b{bV_

22

First analysis (2018): will be the total cross section measurement of the 

νμ + Ar -> μ + π0 + X 

Further future: a differential cross section measurement will be 

performed
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Go to: http://venu.physics.ox.ac.uk

(2) νμ CCπ0

MicroBooNE Run 3493, Event 41075, October 23, 2015

http://venu.physics.ox.ac.uk
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Go to: http://venu.physics.ox.ac.uk

(2) νμ CCπ0

Muon

Proton

Photon
Photon

MicroBooNE Run 3493, Event 41075, October 23, 2015

http://venu.physics.ox.ac.uk
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(3) νμ CCNp
A future cross section measurement from MicroBooNE will be a νμ CC 0π with 

only N protons in the final state 

• this definition is closer to MiniBooNE and T2K’s CCQE signal definitions (but 

we require one proton)  

• it will tell us about nuclear physics:  
‣ final and initial state interactions 

‣ nucleon correlations

Observing the hadronic side of the interaction is going to be crucial for 

precision cross section and oscillation measurements because hadrons carry a 

significant fraction of the initial neutrino energy. 

The thresholds of traditional experiments are around 100 MeV kinetic energy, 

for example in T2K (ARXIV:1802.05078) and MINERvA (JPSCP.12.010016).  

We can go down to lower thresholds with LArTPCs.
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ArgoNeuT
LArTPCs are excellent in detecting and identifying 

protons emerging from the interaction

ArgoNeuT 
Obtained a proton 

detection threshold of 21 

MeV kinetic energy, 

relying partially on 

manual reconstruction 
Phys. Rev. D 90, 012008

4

energy for argon [16] and the actual excitation level of
the residual nucleus. We set its total value to a constant
Emiss=30 MeV. This is an approximation of the average
energy to remove a np pair from a Ar nucleus extrapo-
lated from single nucleon removal energy spectra for Ar
nuclei [17].
From the reconstructed neutrino energy and the mea-
sured muon kinematics, the components of the 4-
momentum transfer (!,~q) can eventually be inferred.
The muon momentum resolution is 5-10% [13]. The pro-
ton angular resolution (1-1.5�, depending on the track
length) and the proton energy resolution (about 6% for
protons above the Fermi momentum) are estimated by
MC simulation. The overall resolution in our neutrino
energy and transfer momentum reconstruction is dom-
inated by muon momentum resolution, as in CC inter-
actions the muon takes the largest fraction on the in-
cident neutrino energy. Discussion - Nucleon-nucleon
correlations are essential components of modern poten-
tials describing the mutual interaction of nucleons in nu-
clei. The strong, repulsive short-range correlations (NN
SRC) cause the nucleons to be promoted to states above
the Fermi level in the high-momentum tail of the nucleon
momentum distribution [20]. Thus, SRC cause nucleons
to form pairs with large relative momentum and small
center-of-mass momentum, i.e. pairs of nucleons with
large, back-to-back momenta. Due to NN tensor correla-
tions, SRC pairs are dominantly in iso-singlet (deuteron
like) state (np)I=0 [21].
Two-nucleon knock-out from high energy scattering pro-
cesses is the most appropriate venue to probe NN correla-
tions in nuclei. Two nucleons can be naturally emitted by
two-body mechanisms [4]: MEC - two steps interactions
probing two nucleons correlated by meson exchange cur-
rents, and “Isobar Currents” (IC) - intermediate state
�, N⇤ excitation of a nucleon in a pair with the pion
from resonance decay reabsorbed by the other nucleon.
It should be noted that the NN pairs in these two-body
processes may or may not be SRC pairs.
One-body interactions can also lead to two-nucleon ejec-
tion. This happens when the struck nucleon is in a SRC
pair and the high relative momentum in the pair would
cause the correlated nucleon to recoil and be ejected as
well [12].
It should also be noted that in both cases final state
interactions (FSI) - momenta or charge exchange and in-
elastic reactions - between the outgoing nucleons and the
residual nucleus [10] may alter the picture.

Hadron scattering experiments were extensively per-
formed to probe NN SRC in nuclei. In pion-nucleus ex-
periments in the intermediate energy range (incident en-
ergy fixed in the �-resonance range, 100-500 MeV) the
cross section is high and the main contribution is from ab-
sorption processes. Pion absorption is highly suppressed
on a single nucleon in the nucleus. Thus, absorption re-
quires at least a two-nucleon interaction. The simplest
and most frequent absorption mechanism (for A�12) is
on np pairs (“quasi-deuteron absorption (QDA)”: e.g.

FIG. 4. 2D views of one of the four “hammer events”,
with a forward going muon and a back-to-back proton pair
(pp1 = 552 MeV/c, pp2 = 500 MeV/c). Transformations
from the TPC wire-planes coordinates (w,t “Collection plane”
[Top], v,t “Induction plane” [Bottom]) into Lab coordinates
are given in [13].

⇡+ + (np) ! pp). Most of the pion energy is carried
away by the ejected nucleons (whose separation energy
contributes to the missing energy budget) and part of
the momentum can be transferred to the recoil nucleus
(missing momentum). Observation, e.g. from bubble-
chamber experiments, of pairs of energetic protons with
3-momentum pp1, pp2 � kF detected at large opening an-
gles in the Lab frame (cos�  �0.9) suggested first hints
for SRC in the target nucleus [22].

Electron scattering experiments extensively studied
SRC. Experiments of last generation probe SRC by triple
coincidence - A(e, e0np or pp)A-2 reaction - where the
two knock-out nucleons are detected at fixed angles. The
SRC pair is typically assumed to be at rest prior to the
scattering and the kinematics reconstruction utilizes pre-
defined 4-momentum transfer components determined
from the fixed beam energy and the electron scattering
angle and energy. NN SRC are associated with finding
a pair of high-momentum nucleons, whose reconstructed

initial momenta are back-to-back and exceed the charac-
teristic Fermi momentum of the parent nucleus, while the
residual nucleus is assumed to be left in a highly excited
state after the interaction [23]. Recent results from JLab
(on 12C) indicate that �20% of the nucleons (for A�12)
act in correlated pairs. 90% of such pairs are in the form
of high momentum iso-singlet (np)I=0 SRC pairs; 5% are
in the form of SRC pp pairs; and, by isospin symmetry,
it is inferred that the remaining 5% are in the form of
SRC nn pairs [24].

Neutrino scattering experiments, to our knowledge,
have never attempted to directly explore SRC through
detection of two nucleon knock-out. The main limita-
tion compared to electron scattering comes from the in-
trinsic uncertainty on the 4-momentum transfer. This
originates from the a priori undetermined incident neu-

A candidate back-to-back proton pairs
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LArTPCs are excellent in detecting and identifying 
protons emerging from the interaction

• In this event, a proton could be identified that only 

touched two wires and was overlaid to the muon! 

• It is possible to go back to waveform level and separate 

the charge in a waveform between two different particles.

Credit: O. Palamara

The short track 

behaves like a proton: 

Length = 0.5 cm 

K = 22 ± 3 MeV

ArgoNeuT
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Proton Threshold at MicroBooNE
Proton range in argon

• Protons with less than K ~ 20 

MeV don’t get to the next wire (a 

wire spacing = 3 mm) 

• Current efficiency for proton 

reconstruction is ~20% at K = 50 

MeV, and ~< 1% at K = 20 MeV, 

though these numbers are not 

final and constant improvements 

are being made.

MicroBooNE  
wire spacing

Credit: A. Schukraft
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Proton Threshold at MicroBooNE
• First LArTPC experiment to use fully automated event reconstruction on all particles 

on neutrino interactions.  

• Can achieve lower proton thresholds than previous experiments; we are now working 

on improving the reconstruction efficiency, especially at low kinetic energy 5
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All BNB Protons
All Reconstructed
BNB Protons
Correctly Identified
Reconstructed BNB Protons

FIG. 5. Number of simulated proton tracks as a function of
true simulated kinetic energy is shown. The light blue line
shows the total number of protons from simulated BNB neu-
trino interactions. The dark blue line shows the total number
of those tracks that were reconstructed with the Pandora al-
gorithms. The red line shows the subset of the reconstructed
tracks that are classified as protons by the boosted decision
trees.

FIG. 6. Breakdown of the simulated particle types that are
classified as protons by the boosted decision trees as a func-
tion of reconstructed track length. The blue filled area shows
all simulated protons, both cosmic and neutrino-induced, and
the dark blue line shows the protons from simulated BNB
neutrino interactions. The tan filled area shows all other sim-
ulated cosmic tracks that are classified as protons, and the
red filled area shows all other tracks from simulated BNB
neutrino interactions that are classified as protons.

FIG. 7. The e�ciency versus the purity of simulated protons
selected by the boosted decision tree classifier for a series of
proton probability cuts between zero and one.

FIG. 8. Proton track candidate in MicroBooNE data. The
track was selected by the decision tree classifier as being very
likely a proton.

C. NC elastic event selection

So far, we have kept the proton selection general to all
interaction types. For NC elastic events, we would use
the output of the decision trees along with other event
information such as the total number of reconstructed
tracks to select the events of interest. This can also be
used to select charged-current elastic events with a sim-
ilar e�ciency to use for normalization of the NC elastic
cross section. If we are only interested in one specific
topology, and do not wish to be general, it is trivial to
re-train the classifier using protons from NC elastic in-
teractions as the only positive input and protons from
other interactions as a background input.
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will preferentially be the muon. When the muon and proton are collinear, use of dE/dx information might
allow the individual particles to be resolved. This information is not yet exploited by the pattern recognition,
but is expected to yield improvements in the future.
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Fig. 11: Reconstruction efficiencies for the target muon and proton in simulated BNB CC nµ quasi-elastic
interactions, (a) as a function of the numbers of true hits, (b) as a function of true momenta and (c) as a
function of the true opening angle between the muon and proton.

Figure 12 shows the completeness and purity of the reconstructed particles with the strongest matches to
the target muon and proton; the distributions strongly peak at one. Figure 12a shows that it is more difficult to
achieve high reconstructed completeness for protons than for muons, as this can require collection of all hits
in complex hadronic shower topologies downstream of the main proton track. Figure 12b shows that there is
a notable population of low purity protons, which are those that just satisfy the requirements to be matched to
the target proton, but which also track significantly into the nearby muon.

Figure 12c shows the displacement of the reconstructed neutrino interaction vertex from the true, generated
position. It is found that 68% of events have a displacement below 0.74 cm. The 10.4% of events with a
displacement above 5 cm are mainly due to placement of the vertex at the incorrect end of one of the particle
tracks. This typically happens when there is a track of significant length with direction back towards the
beam source. The presence of decay electrons can also yield topologies where multiple, distinct particles are
associated with a specific point and can make the downstream end of the muon track appear to be a strong
vertex candidate.

6.2 BNB CC resonance events: nµ +Ar ! µ�+ p+p+

The performance for three-track final states is studied using simulated BNB CC nµ interactions with resonant
charged-pion production. A specific subset of events is selected: those with one reconstructable muon, one
reconstructable proton and one reconstructable charged pion in the visible final state. The true momentum
distributions for particles in selected BNB events peak at approximately 300 MeV for muons, 400 MeV for
protons and 200 MeV for charged pions. An example event topology is shown in Figure 13.

Table 2 shows that 95.1% of target muons, 86.8% of target protons and 80.9% of target pions result in a
single reconstructed particle; 70.5% of events are deemed correct, matching exactly one reconstructed particle
to each target MCParticle. The performance for muons and protons is similar to that observed for the quasi-
elastic events considered in Section 6.1. The fraction of muons with no matched reconstructed particles is
higher than for quasi-elastic events, because the muon and pion tracks can be merged into a single particle.
The pions will sometimes interact, leading to a MCParticle hierarchy of a parent and one or more daughter,
and this explains the frequency at which the target pion is matched to more than one reconstructed particle:
if the parent and daughter are reconstructed as separate particles, with no corresponding reconstructed parent-
daughter links, multiple matches to the target pion will be recorded.

Using a Boosted 
Decision Tree 

MICROBOONE-
NOTE-1025-PUB 

Pandora Paper 
Eur. Phys. J. C78, 

1, 82 (2018) 
Artificial threshold 
in reconstruction

Artificial 
threshold
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30 cm Run 3493 Event 27435, October 23rd, 2015 55 cm
Run 3469 Event 53223, October 21st, 2015 

Three prong event Four prong event

55 cm
Run 3469 Event 53223, October 21st, 2015 

(4) νμ CC Particle Multiplicity
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ArgoNeuT Results

ArgoNeuT data, with large difference at high proton multiplicity. The total cross section predicted by
GiBUU, σν̄µCC0π(GiBUU) = 0.48 · 10−38cm2, is 17% lower than ArgoNeuT data, with large difference
at 0 proton. As can be seen also in Tab. III, Monte Carlo generators predict varying amounts of proton
emission.

proton multiplicity
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Fig. 2. ν̄µ CC 0-pion events. Comparison of ArgoNeuT exclusive (N=0,1, 2, 3, 4 protons, with 21 MeV
kinetic energy threshold) cross sections with predictions from the GENIE (Left) and GiBUU (Right) neutrino
event generators. The 2p2h component in GiBUU predictions has large uncertainties. Argon isoscalar target.

Table III. ν̄µ CC 0-pion events. Comparison of ArgoNeuT measured fractions of events at different proton
multiplicity with different Monte Carlo generators (GENIE, GiBUU and NUWRO [13])

Proton Multiplicity ArgoNeUT data (%) GENIE (%) GiBUU (%) NUWRO (%)
0 67 61 61 65
1 24 18 24 23
2 6.0 7.3 9.5 8.0
3 1.3 4.9 3.5 2.8
≥ 4 12 1.8 1.6

A comparison of the measured neutrino cross sections as a function of the proton multiplicity
with predictions from GENIE neutrino event generator is show in Fig. 3. The total cross section
predicted by GENIE, σν̄µCC0π(GENIE) = 1.42 · 10−38cm2, is 64% higher than ArgoNeuT data, with
large difference at 1p and high multiplicity events.

The measured cross sections as a function of the neutrino energy reconstructed from the observed
final state particles kinematics, as described in Sect. 3.1.1, are reported in Fig. 4 (Left) for the νµ and
the ν̄µ CC 0-pion event samples. A comparison with predictions from GENIE [4] neutrino event
generator is show in Fig. 4 (Right). Predictions for anti-neutrino (yellow) and neutrino (red) CC
0-pion events (continuous line), QE only events (dash line) and for CC 0-pion events with proton
multiplicity ≤4 (long dash line) are reported to guide the comparison. A quite large disagreement can
be seen, in particular for neutrinos, in the higher energy region.

5■■■

010017-5JPS Conf. Proc. , 010017 (2016)12

Proceedings of the 10th International Workshop on Neutrino-Nucleus Interactions in Few-GeV Region (NuInt15)
Downloaded from journals.jps.jp by 131.225.23.169 on 08/30/17

GENIE prediction is 22% higher 
than ArgoNeuT data

GiBUU prediction is 17% lower 
than ArgoNeuT data

Anti-νμ CC0π cross section measurement 

JPS Conf. Proc. 12, 010017 (2016)

(4) νμ CC Particle Multiplicity
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(4) νμ CC Charged Particle Multiplicity

observed multiplicity
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Figure 14: A bin-by-bin fitted, area normalized, CR background-subtracted, observed neutrino multiplicity
distributions for MicroBooNE data overlaid with three GENIE predictions in linear scale. Data error bars
include statistical errors obtained from the fit. Monte Carlo error bands include MC statistical errors from
the fit and systematic error contributions added in quadrature.
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Figure 15: A bin-by-bin fitted, area normalized, CR background-subtracted, observed neutrino multiplicity
distributions for MicroBooNE data overlaid with three GENIE predictions in log y scale. Data error bars
include statistical errors obtained from the fit. Monte Carlo error bands include MC statistical errors from
the fit and systematic error contributions added in quadrature.
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• improve statistics, efficiency correction, background subtraction 

• lower threshold per particle type 

• cross section, as a function of particle multiplicity 

• unfold, in order to get to true particle multiplicity

• No efficiency correction 

• No background subtraction 

• Muon is included in the 

multiplicity count  

• Not the same as ArgoNeuT

Observed charged multiplicity after event selection: intermediate 
step towards a cross section as a function of particle multiplicity

Future:

Paper is in preparation 
MicroBooNE Public Note 1024

http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1024-PUB.pdf
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How to Present the Results

MicroBooNE goal is to show cross section measurements as a function of as 

many kinematic variables as possible, together with their correlation. 

Upcoming analysis: 

‣ will show cross section as a function of muon momentum and angle 

‣ muon momentum will likely be estimated via MCS 

We would like to present measurements that are as model independent as 

possible, and to present them to the community in a way that can be 

compared to theory and other experiments. 

We recognise the inherent problems with unfolding, and considering forward 

folding techniques for our future results. 

What is the best format to present forward folded data?
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Next Plans for Cross Section Measurements
BN

B
N

uM
I

CC NC

νμ CC Inclusive

Track 
Multiplicity

νe CC Inclusiveνμ CC Inclusive

NC 
elastic

NC π0

Proton 
Multiplicity

CC π0

νμ CC0π (requiring 
N>0 proton)

1μ + 2p1μ + 1p

CC π+/-

CCK+/- Coherent π+  
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Conclusions

The next upcoming results will include 
• νμ CC inclusive cross section measurement 
• charged particle multiplicity 
• νμ CC0πNp cross section measurement (N>0) 
• νμ CCπ0 total cross section measurement 

Future results will include 
• νμ CCπ0 differential cross section measurements and π0 kinematics 
• νμ CCπ+/- differential cross section measurements 
• study of rare process (kaon production) 
• study of coherent π+ interactions 
• others…
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Back up
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The MicroBooNE Detector

MicroBooNE cryostat lowered into the pit

Inside the detector: PMT system

Stainless steel wires 
with gold coating

3 wire planes 
8192 wires total


